Photonic crystals exhibiting a photonic band gap in both TE and TM polarizations are particularly interesting for a better control of light confinement. The simultaneous achievement of large band gaps in both polarizations requires to reduce the symmetry properties of the photonic crystal lattice. In this letter, we propose two different designs of two-dimensional photonic crystals patterned in high refractive index thin silicon slabs. These slabs are known to limit the opening of photonic band gaps for both polarizations. The proposed designs exhibit large complete photonic band gaps : the first photonic crystal structure is based on the honey-comb lattice with two different hole radii and the second structure is based on a "tri-ellipse" pattern in a triangular lattice. Photonic band gap calculations show that these structures offer large complete photonic band gaps Δω ω larger than 10 % between first and second photonic bands. This figure of merit is obtained with single-mode slab waveguides and is not restricted to modes below light cone.
Introduction
Photonic crystals are being intensively studied for their ability to confine light in small mode volumes of the order of ( λ /n) 3 and in optical modes with very high quality factors [1] . Traditionally, two-dimensional photonic crystals are periodic structures constituted of holes etched in dielectric slabs with square, hexagonal or honey-comb lattices. These lattices combining simplicity and quasi-isotropy of their Brillouin zone allow to open photonic band gaps. Such structures are usually used with point or linear defects to spatially confine light in the plane by photonic band gap and off-plane because of refractive index contrast.
It is well known that standard photonic crystals exhibit a forbidden band in only one polarization. The best quality factors of photonic crystal cavities have been measured with membrane configuration [2, 3, 4] . In this case, due to the vertical symmetry, TE-like and TM-like polarizations are not coupled [5] and thus do not decrease the quality factor of the optical resonances. However, the membrane approach is not optimal for the integration of photonic crystals on chips because of thermal management problems and mechanical stability. To address this issue, an alternative approach for silicon-based photonic crystals is to use silicon-on-insulator substrates or emitter materials reported on silicon and silicon oxide. In the latter case, the vertical confinements by the refractive index are often asymmetric. This asymmetry induces some coupling between TE-like and TM-like polarizations and reduces the quality factor of confined modes. Alternately, the limitations of etching processes [6] which do not allow to obtain vertical pattern walls as shown in GaN [7] or GaP [8] devices induce also a coupling between TE-like and TM-like polarizations. The realization of two-dimensional photonic crystals with a complete photonic band gap in both polarizations presents therefore a considerable interest. Besides the coupling between TE-like and TM-like polarizations, we note that many materials or internal emitters emit in both polarizations [9, 10] . Thus, a photonic band gap efficient in only one polarization presents a limitation for light coupling to localized optical modes and light extraction from the slab.
In order to solve the limitations associated with light control restricted to only one polarization, Cassagne et al. [11] have proposed in 1996 to use new symmetries for photonic crystals. Although not taking into account the vertical confinement of light, their work showed that a lower C 3v symmetry applied to the honey-comb lattice leads to the opening of new photonic band gaps.
Another way to reduce the symmetries is to tilt patterns in each elementary cell of a traditional lattice [12, 13] . In the latter studies, the vertical confinement of light was also not taken into account. To our knowledge, only two studies have taken into account the vertical confinement of light, but the lifting of degeneracy was not sufficiently large to efficiently open photonic band gaps between the first and the second band in both polarizations. A complete photonic band gap of 8.8 % ( Δω ω ) was reported by Bostan et al. [14] but only between higher order bands.
Recently, Takayama et al. [15] have proposed a modification of traditional photonic crystals by splitting the symmetries of the elementary cell and lifting the degeneracy of optical modes. For this purpose, they proposed to replace in a triangular lattice patterns of C ∞ symmetry with patterns of C 3v symmetry and they found a complete photonic band gap in both TE-like and TM-like polarizations. Nevertheless, only a 3.5 % ( Δω ω ) photonic band gap was achieved. Such reduced photonic band gap width is too weak to be used in devices.
In this letter, we investigate the realization of large complete photonic band gaps for both TE-like and TM-like polarizations in symmetric photonic crystal slabs. We concentrate on the achievement of complete photonic band gaps localized between the first and the second band in both polarizations. The investigated slab structures are single mode and the complete band gaps are obtained over the whole Brillouin zone, i.e. are not restricted to the modes below the light cone. This work represents a first step towards the achievement of large complete photonic band gaps in asymmetric photonic crystal slabs like those obtained with silicon-oninsulator substrates. We present two designs of photonic crystals based on C 3v symmetries: the first design corresponds to the implementation of the ideas of Cassagne et al. to the case of silicon membranes perforated following a honey-comb lattice with different hole sizes; the second design corresponds to a "tri-ellipse" pattern in triangular photonic crystals. Both designs lead to complete photonic band gaps between first and second bands with a width larger than 10 %.
This article is organized as follows: section 2 deals with the C 6v and C 3v symmetries of photonic crystals. Section 3 presents the results obtained with honey-comb lattices constituted with two different hole sizes, and section 4 presents the results obtained with a "tri-ellipse" triangular lattice.
Photonic crystals with C 6v and C 3v symmetries
Usually, two-dimensional photonic crystals are constituted with triangular lattices or honeycomb lattices by using constant circular hole sizes. Photonic band diagrams of two-dimensional triangular and honey-comb lattices constituted of air holes drilled in a silicon slab are presented in Fig. 1 . In the following calculations, we have used effective indexes of 2.91 and 2.52 for TE-like and TM-like polarizations respectively, which correspond to the effective indexes for a 320 nm thick silicon slab at 1.55 μm wavelength. Figure 1(a) shows the example of the triangular lattice with circular holes, where a large band gap is obtained for TE-like polarization, but where no band gap is obtained for TM-like polarization between the first and second band even at very high filling factor. On the contrary, as shown in Fig. 1(b) , the honey-comb lattice with the same size of circular holes exhibits a band gap for TM-like polarization, but not for TE-like polarization. The photonic band diagrams show that the symmetries of the lattices do not allow to simultaneously open photonic band gaps in both polarizations.
The symmetries of each wave vector k of the reciprocal space and the symmetries of the associated optical modes depend on the symmetries of the photonic crystal. The triangular lattice or honey-comb lattice using the same circular hole sizes possess a C 6v symmetry group, and in the reciprocal space, a K point possesses a C 3v symmetry group [16] (Fig. 2(a-1) ).
A C 3v symmetry can lead to degenerated optical modes at the K point as shown by the black curve in Fig. 2 (b) corresponding to the band structure of the honey-comb lattice. The degeneracy can be lifted by reducing the symmetry of the photonic crystal, in order to reduce the symmetry of the K point and thus the symmetry of the optical modes. The solutions consist in deleting either the three-fold order rotation symmetry C 3 or the mirror symmetry that can be observed in the representation of the H z field of the optical modes as shown in Fig. 2(c) .
In the case where the C 3 symmetry is deleted, the reduced symmetry increases the anisotropy of the light propagation and contributes to close the band gap. In the case where mirror symmetries are omitted, the light propagation is more isotropic than in the previous case and besides the reduced Brillouin zone is not changed as compared to a lattice with a C 6v symmetry (triangular lattice with circular holes) because of time-reversal symmetry properties "ω(k) = ω(−k)". A C 3 symmetry pattern can be designed in the elementary cells of the triangular lattice, in order to reduce lattice symmetry to C 3 and consequently the K point symmetry. Unfortunately, patterns with only a C 3 symmetry are complicated to design. Another way to decrease the symmetry is to obtain a symmetry mismatch between the real space and the Brillouin zone, i.e. by obtaining mirror symmetry for the patterns which do not correspond to mirror symmetries of the K points. Figure 2 (a-2) shows an example where the mirror symmetry m2 of the pattern corresponds also to mirror symmetries for the K point. On contrary, Fig. 2 (a-3) shows an example of a tilted pattern where the m1 mirror symmetry of the pattern is not a mirror symmetry for the K point. The K point symmetry is reduced and it leads to a lifted degeneracy for the optical modes. This effect is illustrated in Fig. 2 (b-c-d). In a honey-comb lattice using constant circular hole sizes, the photonic band diagram shown in black in Fig. 2 (b) indicates that the optical modes are degenerate at the K point. A honey-comb lattice with two different hole sizes corresponds to a lattice where the mirror symmetry m2 is missing and we can observe in the red band diagram of Fig. 2(b) that the degeneracy is lifted leading consequently to the opening of the band gap. The omission of the mirror symmetry m2 can be seen, as expected, on the H z profile of the modes at K point. In Fig. 2(c) , the mirror symmetry m2 exists for the modes of band 1 and band 2 at K point and leads to the existence of even and odd profiles of the electromagnetic field as shown by the imaginary and real parts. In Fig. 2(d) , the C 3v honey-comb lattice has three mirror symmetries missing and one mirror symmetry is also missing in the mode profile. Note that in the latter case, the H z component of the optical mode is mostly confined in the small holes or in the large holes. This example shows that the symmetry reduction is an appropriate route to control the degeneracy of band edge optical modes and thus the opening of photonic band gaps. In the following sections, two new designs based on the C 3v symmetry are described and studied in details. 
Honey-comb lattices with two different hole sizes
We first discuss the case of a honey-comb lattice which corresponds to a triangular lattice with two holes by elementary cell. The radii of both holes are chosen different to define a C 3v symmetry in the photonic crystals, as shown in Fig. 3(a) , and to reduce the symmetry of the K point to a C 3 symmetry.
We use the effective index n(T E) = 2.91 for TE-like polarization modes and n(T M) = 2.52 for TM-like polarization modes. The calculations are performed with the MPB software developed by MIT [5] , which is based on a plane-wave expansion method. Parameters for the calculation are the followings: number of bands 10, mesh size 3, and resolution 64.
The band diagram for the first and second bands is shown in Fig. 3(b) according to the reciprocal space path defined. We have investigated the relationship between the band-edge frequency versus the hole sizes. We first present the relationship between the band-edge frequency versus the hole size and secondly the relationship between the band-edge frequency versus the minimum size defined between two neighboring holes. In Fig. 4 , the R 2 radius is varied whereas the R 1 radius is kept constant and equal to 0.14 a. As the radius R 2 increases, the gap size of TM-like and TE-like polarizations increases, but meanwhile the overlap between the photonic band gaps in TM-like and TE-like polarizations decreases at large hole radii. There is thus an optimum which is obtained for R 2 = 0.38 a.
We have taken into account an important factor ΔD min which is the minimum distance between two neighboring holes. In practice, it is known that the size of the hole can be very difficult to control accurately in the fabrication process especially when using two different hole sizes because of the proximity effects in lithography process. In addition, the fabrication process can become highly critical if ΔD min is too small. We have thus investigated the dependence of the band-edge frequency on the change of the hole sizes. Figure 5 shows the frequency versus ΔD min which is defined by changing the scale factor β of the two holes (R 1 = 0.14 β , R 2 = 0.38 β ) simultaneously. In Fig. 5 , the horizontal axis is defined simultaneously by ΔD min and by the scale factor β indicated in square brackets. The β parameter varies between 0.85 and 1.05. As before, we observe that the gap size of TM-like and TE-like polarizations increases, but meanwhile the overlap between the photonic band gaps in TM-like and TE-like polarizations decreases at large hole radius. Optimum sizes of the pattern are obtained for ΔD min equal to 29 nm which corresponds to a β value of 1. 
Figures 4 and 5 show first that a maximum gap/midgap ratio (
Δω ω ) of 10 % is obtained for R 1 = 0.14 a, and R 2 = 0.38 a, where a is the lattice constant and R 1 , R 2 are the radii of the holes respectively. The defined band gap corresponds to a full photonic band gap for both polarizations and the complete band gap lies in the frequency range 0.3128 -0.3457(c/a). Contrary to Fig. 1 , we can see that the TE-like modes are split at the K point. In the same time, the band gap of the TM-like mode is conserved, so a large complete band gap is easily obtained.
We also observe that the gap/midgap ratios ( Δω ω ) are 6.3 %, 8.0 % and 10 % for ΔD min 52 nm, 41 nm and 29 nm respectively. A large complete photonic band gap is obtained even when ΔD min changes in a large range. The optimum reported in Fig. 4 and 5 is thus a robust maximum for which the ΔD min range is compatible with the accuracy of the standard technological processes. Thus, photonic crystals with this design can be realized in a high refractive index contrast slab. The results show that this photonic crystal allow to achieve a photonic band gap larger than the one obtained by Takayama [14] between higher order modes. The effective achievement of a full photonic band gap requires to consider all the guided modes. Andreani et al. [17] did recently point out that no complete band gaps appear to be present for the triangular lattice of triangular holes [15] because of the existence of secondorder guided modes. In the work of Andreani and coworkers, a free standing high-index slab of thickness d was considered. Their results show that for d /a = 0.3, the fundamental TM-like photonic band gap is closed. For d /a = 0.5, the band gap for TE-like and TM-like polarizations is open but they do not overlap. For d /a > 0.5, the band gap for both polarization modes overlap, but the presence of the higher order mode prevents the opening of complete band gaps. In the same way, Bostan et al. did use a slab thickness of 0.6 a where a is the period of the photonic crystal. This means that for a wavelength λ = 1.55 μm, the slab thickness is approximately equal to 450 nm. This slab is also not a single-mode waveguide and this feature can reduce and close the gap width which was reported. In addition, in their study, the photonic band gap is only defined below the light cone which is not sufficient if we consider for example emitted light control applications. By taking into account the whole two-dimensional space, the photonic band gap will be diminished since the reported gap is localized between the second and third photonic band. We emphasize that the use of single-mode slab waveguides is particularly important when considering active devices with internal sources. The internal emitters can couple to all the guided modes and a single-mode photonic structure is mandatory to obtain a complete photonic band gap. This requirement might be relaxed when considering photonic structures where external light is coupled with access waveguides. Not all the modes can be excited in the latter case, which can in turn be an advantage to demonstrate experimentally a full band gap.
Here we demonstrate that the honey-comb lattices with two different hole sizes can allow to obtain a complete band gap when d/a is small enough to cut off the second order guided mode. We consider an asymmetric silicon (ε = 11.88) photonic crystal slab of thickness d, with an upper cladding of air and a bottom cladding of buried oxide in which the air hole etching is extended. First the thickness of the silicon slab is chosen in order to be sure that only one fundamental guided mode exists. As the thickness decreases down to 250 nm, the second-order mode is cut off, and the effective index for TE-like modes and TM-like modes are n(T E) = 2.89 and n(T M) = 2.15 respectively. Considering the midgap frequency for λ = 1.55 μm, and the following parameters a = 570 nm ( d /a = 0.44), R 1 = 0.16 a, R 2 = 0.36 a, the gap width of the complete gap is 8.6 %, and the minimum distance between the neighboring holes is 57 nm. We note that even if we decrease the thickness d to 230 nm for a silicon slab membrane configuration, the effective indexes for TE-like and TM-like modes decrease to n(T E) = 2.83 and n(T M) = 1.97 respectively. For these latter parameters and a = 645nm ( d /a = 0.35), R 1 = 0.16 a, R 2 = 0.36 a, ΔD min = 57 nm, a maximum gap/midgap ratio of 6.0 % for the complete band gap is found. As opposed to previous studies, the honey-comb lattice with two different hole sizes shows a large photonic band gap for a single-mode slab and for both polarizations. A ΔD min equal to 57 nm shows that this photonic structure can be realized with standard photonic crystal processing steps.
"Tri-ellipse" triangular lattice
The achievement of complete photonic band gaps can also be obtained with new photonic crystal designs without changing the C 3v symmetry of the pattern. In this section, we introduce a triangular lattice with a special shape of hole in the elementary cell. The hole is constructed by the overlap of three ellipses which are located at three axes tilted by 120°angle. The "triellipse" shape also presents a C 3v symmetry. As shown in Fig. 6(a) , the shape of the elementary cell is controlled by three key parameters: the semi-axis lengths A and B, the distance L between the centre of the "tri-ellipse" and the centre of each ellipse. Figure 6(b) shows that the corresponding band structure also presents a complete photonic band gap efficient for both polarizations. We did also use the effective index n(T E) = 2.91 for TE-like polarization modes and n(T M) = 2.52 for TM-like polarization modes [15] . The same parameters as before are considered in the calculation. This novel photonic crystal design shows a high similarity in the profile of the different optical modes as compared to the honeycomb lattice with two different hole sizes. To show this similarity, we have plotted in Fig. 7 the H z and E z fields of TE-like and TM-like polarizations respectively for both photonic crystals and for both first and second bands.
We have also investigated the relationship between the gap/midgap bandwidth versus the ellipse sizes A and B, and the relationship between the gap/midgap bandwidth as a function of the ellipse position L from the elementary cell center. Figure 8(a) shows the dependence of the gap/midgap ratio versus the semi-axis lengths A and B where each level line shows the gap/midgap value. It reveals that the semi-axis lengths A/a and B/a have a great effect on the band gap width, and that the band gap presents a higher sensitivity according to the semiaxis B (along the three axes) than the semi-axis A. We observe that the overlap between the photonic band gaps in TM-like and TE-like polarizations decreases at large hole sizes (A, B).
These dependencies define optimum sizes for the pattern. Figure 8(b) shows the dependence of gap/midgap versus distance L/a with a maximum for L = 0.17 a. Reduction of gap/midgap ratio is also observed for high L values.
As shown in Fig. 8 , large complete photonic band gaps are also obtained with this pattern. The maximum gap/midgap ratio ( Δω ω ) of 11 % is found for the following parameters L = 0.17 a, A = 0.27 a and B = 0.3 a, in the frequency range 0.314 − 0.352 (c/a) as shown in Fig. 6(b) . The minimum distance ΔD min between two "tri-ellipse" holes is 55 nm for the medium wavelength of λ = 1.55 μm. Fig. 7 . E z and H z fields for TM and TE respectively between honey-comb lattice design with two different hole sizes and "tri-ellipse" triangular lattice. The figure shows both real and imaginary parts of fields and shows the similarity between the mode profiles.
Also, as in the previous section, we have considered Andreani's comments [17] related to the correction of the calculation results for which he did point out that no complete band gaps appear to be present for the triangular lattice of triangular holes due to the large silicon thickness. We did perform the calculation on an asymmetric silicon photonic crystal (ε = 11.88) slab with upper air claddings and bottom silicon dioxide where air holes of the slab are also drilled in the buried oxide. For a thickness of d = 230 nm, only one mode exists in the slab membrane and the effective index for both polarizations are n(T E) = 2.83 and n(T M) = 1.97. With a = 635 nm ( d /a = 0.36), a gap/midgap ratio of 8.7 % is found, and the minimum distance between the neighboring holes is 60 nm. By slightly changing the shape, the minimum distance between the neighboring holes changes from 21 nm to 97 nm and the gap width changes from 12 % to 5 % respectively.
Similarly to the photonic crystal design discussed in section 3, the "tri-ellipse" shape triangular photonic crystal shows a large complete photonic band gap for a single-mode slab and for both polarizations. These results show that the shape and the size of the hole in the elementary cell have a great effect on opening and overlap of the band gaps. As before, a requirement for ΔD min to be equal to 55 nm also indicates that this photonic crystal can be realized with the standard technological processes. We emphasize that the optimization procedure reported in this work is based on twodimensional calculations. The parameters which maximize the photonic band gap opening might be slightly different when using a 3D calculation of the photonic structure. While beyond the scope of this work, systematic 3D calculations would be necessary to accurately estimate the band gap values and the set of parameters which maximize the band gap opening. However, the same optimization procedure is expected to be effective. Moreover, an additional degree of freedom is available to improve the band gap opening with the three-dimensional control of the lattice pattern, like e.g. an ellipsoidal shape.
Finally, we did concentrate in this work on structures which are expected to be realized with standard technological processes. The lattice designs remain however different from those which are usually used for standard photonic crystals and an optimization of the fabrication process will certainly be required. An important feature is related to the dry etching of the silica. Specific processes which modify the ratio of chemical species in the plasma are now available and should be helpful for the fabrication of photonic structures with complete photonic band gaps.
Conclusion
We have performed a detailed numerical study of photonic crystal membranes in high refractive index contrast slabs which exhibit large complete photonic band gaps. This is achieved by reducing the symmetry of the pattern to a C 3v symmetry which is properly orientated to reduce the K point symmetry to a C 3 symmetry. The different calculation results show that the honeycomb lattices with two different circular holes or the "tri-ellipse" triangular lattice exhibit strong similarities for light propagation and present a larger overlap of band gaps for both TE-like and TM-like polarizations than the results shown by Takayama et al. [15] and Bostan et al. [14] . Two main advantages of the proposed designs are: a complete band gap width can be optimized up to 11 % and secondly, the considered structures have a silicon slab thickness of 230 nm as compared to the thickness of 320 nm and more used in the latter works, i.e. the proposed structures are single-mode. We have shown that the hole shapes have a strong impact on the photonic band gap opening and on the overlap of the forbidden bands.
